The majority of inherited bone marrow failure (iBMF) syndromes are associated to nucleolar and/or ribosomal abnormalities, but Fanconi anemia (FA), the most common iBMF, is attributed to alterations in DNA damage responses. However, the involvement, if any, of the FA (FANC) proteins in the maintenance of nucleolar functions and/or ribosome biogenesis is yet unexplored. Here, we report that FANC pathway loss-of-function is associated to a loss of the nucleolar homeostasis, demonstrating increased rDNA rearrangements, accumulation of nucleolar DNA damage, nucleolar protein mislocalization, and a p53-independent induction of the growth inhibitory protein p21. Moreover, specifically associated to FANCA loss-offunction, which is responsible for approximately 65% of FA cases, we observed reduced rDNA transcription and rRNA processing as well as alteration in protein synthesis and polysome profiles. Thus, we have identified nucleolar consequences associated with FANC pathway deficiency, challenging current hypothesis on the physiopathology of FA. 
INTRODUCTION
The nucleolus is an extremely dynamic membrane-less nuclear substructure that is visible during the interphase, disappears at the onset of mitosis, and is reassembled at the end of telophase. Several hundreds of proteins are hosted inside the nucleolus together with the genomic sites containing the ribosomal DNA (rDNA) sequences organized in tandemly repeated clusters dispersed on the five human acrocentric chromosomes. Three major events occur in the nucleolus: the RNAPolImediated synthesis of the 45S/47S rRNA precursors, their processing to generate the 28S, 18S and 5.8S rRNA molecules that will be assembled with the ribosomal proteins to form the pre-ribosome units, which are successively processed to form the cytosolic 40S and 60S ribosome subunits (Boulon et al., 2010; Tsekrekou et al., 2017) . In addition to its canonical role in the biogenesis of the ribosome, the nucleolus acts as a sensor of stress originating from inside the nucleolus, the nucleus or the cytosol. It can quickly lose homeostasis by modifying its activity, size, shape and protein content to adapt the cell metabolism to threithening events (Boulon et al., 2010; Tsekrekou et al., 2017) . Notably, the presence of DNA damage, both inside and outside the nucleolus, constitutes a major signal leading to the nucleolar stress response characterized by rDNA transcription downregulation and mislocalization of key nucleolar proteins. The stress-induced transitory loss of nucleolar homeostasis, even in the absence of DNA damage and its signalling, is associated with the activation of the p53-p21 axis, which restrains cellular proliferation to allow time to recover from stress (Boulon et al., 2010; Tsekrekou et al., 2017) .
Unrestrained, the activation of the p53-p21 axis is considered a key event responsible for the haematopoietic stem cell (HSC) attrition that characterizes inherited bone marrow failure (iBMF) syndromes, including dyskeratosis congenita (DC), Shwachman-Diamond syndrome (SDS), Diamond-Blackfan anemia (DBA) and Fanconi anemia (FA) . In contrast to DC, SDS and DBA, which associate BMF and p53-p21 activation with the presence of nucleolar and/or ribosome biogenesis abnormalities (Liu and Ellis, 2006; Ruggero and Shimamura, 2014) , FA is attributed to abnormalities in the DNA damage response that lead to p53-p21 activation and BMF (Ceccaldi et al., 2012; Walter et al., 2015) .
FA is the most frequent and genetically heterogeneous iBMF syndrome (Bogliolo and Surralles, 2015; Ceccaldi et al., 2016; Gueiderikh et al., 2017) , and is associated with developmental abnormalities, predisposition to cancer and chromosomal instability. The key function of the molecular pathway defined by FA proteins (FANC) is to resolve DNA interstrand crosslinks (ICLs) and stalled replication forks that can arise from endogeneous aldheyde metabolism or following exposure to ICL-inducing agents, as mitomycin C, cis-Pt or photoactivated psoralens (Bogliolo and Surralles, 2015; Ceccaldi et al., 2016; Gueiderikh et al., 2017; Langevin et al., 2011; Rosado et al., 2011) . The FANC proteins are organized in three distinct functional groups. The FANCcore complex, which comprises FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FAAP24, and FAAP100, is assembled to monoubiquitylate the FANCD2-FANCI (ID2) heterodimer, allowing its accumulation in subnuclear foci required for the optimal work of the third group of FANC proteins, which includes nucleases and homologous recombination proteins (Bogliolo and Surralles, 2015; Ceccaldi et al., 2016; Gueiderikh et al., 2017) . Even if the loss-offunction of one among more than 20 genes is recognized as involved in FA, FANCA bi-allelic inactivating mutations account for more than 60% of FA cases worldwide (Gueiderikh et al., 2017) . Beyond the DNA repair/DNA damage response, the FANC pathway has been associated with several other cellular and systemic biological activities, including pro-inflammatory cytokine production and responses, transcription, mRNA splicing and reactive oxygen species metabolism. However, the presence, origin and consequences of nucleolar abnormalities induced as a consequence either of a still unknown role of the FANC pathway in ribosome biogenesis or of the chronic stress state to which the FANC pathway-deficient cells are subjected has not been explored in FA.
Here, we investigated nucleolar protein localization, rDNA stability and transcription as well as translational activity in FA-deficient cells, demonstrating an involvement of the FANC pathway in the nucleolar homeostasis. Moreover, we also identified a function of FANCA in ribosome biogenesis, a possible reason accounting for the high frequency of patients with inactivating mutations in FANCA. We thus hypothesize that FA originates from alterations in both DNA repair and ribosome biogenesis.
RESULTS and DISCUSSION
The loss-of-function of the FANC pathway is associated to nucleolar proteins mis-localization.
To determine the impact, if any, of the inactivation of the FANC pathway on the nucleolar homeostasis, we monitored the expression and subcellular distribution of the key nucleolar proteins fibrillarin (FBL), nucleolin (NCL) and upstream-binding nucleolar transcription factor 1 (UBF) in HeLa and U2OS cells 48h to 72h after the siRNA-mediated depletion of FANCA, FANCC or FANCD2. The depletion of any of the three FANC proteins did not impact the expression of the analysed nucleolar proteins ( Fig. S1A and data not shown). In the large majority (>70%) of FANCAproficient cells, nucleoli had irregular borders delimited by a thick ring of NCL inside which FBL and UBF are distributed in a fairly homogeneous way (Fig. 1A to D and Fig. S1B to D) . In contrast, while maintaining the same quantity of nucleoli per cell (Fig. S1E) , only a minority of FANCA-depleted cells (around 30%) have nucleoli with the previously described distribution of NCL, FBL and UBF and/or irregular borders (Fig. 1A to D and Fig. S1B to D) . Indeed, in the majority of the FANCA-depleted cells nucleoli took either a more round and regular shape delimited by an extremely faint ring of NCL, or they appeared "empty" with the proteins displaced out of the nucleolus or eventually accumulating in nucleolar peripheral structures called "caps" (Fig. 1A to D and Fig. S1B to D) . Electronic microscopy (EM) validated the occurrence in FANCA-depleted cells of less organized and/or more condensed and rounded nucleoli (Fig. 1E) . The depletion of FANCC, belonging as FANCA to the FANCcore complex, increased the frequency of cells presenting nucleolar abnormalities to around 40%, a level in between that observed for WT (around 20%) and FANCA-depleted (more than 70%) HeLa cells (Fig. 1F) . Even if the depletion of FANCD2, a FANCcore target, led to a general increase in the percentage of cells with an altered localization of nucleolar proteins (up to 30%), the frequency of cells with altered nucleoli reached the threshold of significance only in the cells in S/G2 (Fig. 1F ).
To further extend and validate our observations, we analysed several human primary fibroblastic cell lines from healthy and FA donors. In the five FANC pathwayproficient cell lines analysed 12% of the cells presented a non-canonical nucleolar distribution of NCL, FBL and/or UBF, with frequency spanning between 5% and 18% (Fig. 1G) . With respect to mean value, all analysed FANCA-mutated cell lines presented a significant increase in the frequency of cells with altered nucleoli, frequency that is invariably reduced by the ectopic expression of the WT FANCA gene (Fig. 1G) . The previous observations in primary cells isolated from FA patients support that the data obtained in HeLa or U2OS cells were not due to off-target effects of the siRNAs transfection ( Fig. S1C and D (Bogliolo and Surralles, 2015; Ceccaldi et al., 2016; Gueiderikh et al., 2017) , in coordinate replication and transcription (Schwab et al., 2015) as well as in fragile site maintenance (Guervilly et al., 2015; Howlett et al., 2005; Naim and Rosselli, 2009a, b; Naim et al., 2013) , we wondered if the nucleolar abnormalities observed in FANC pathway-deficient cells were an outcome of increased rDNA damage and/or instability or a result of increased DNA damage signaling.
rDNAs are considered chromosomal fragile sites and recombination hot-spots frequently rearranged in cancer as well as in DNA repair-deficient syndromes (Killen et al., 2009; Larsen and Stucki, 2016; Stults et al., 2009; Warmerdam et al., 2016) .
In accord with the role of the FANC pathway in genome stability maintenance by avoiding DNA damage or its accumulation, depletion of FANCA or FANCD2 led to both an increased level of cells with nucleoli presenting g-H2AX foci, readout of the presence of breaks in rDNA, and the induction of rDNA rearrangements ( Fig DNA breakage-induced H2AX phosphorylation is mediated by ATM signalling that is (a) constitutively active in FANC pathway-deficient cells (Guervilly et al., 2008; Kennedy et al., 2007) , and (b) involved, at least in response to ionizing radiationinduced DNA damage, in the displacement of the nucleolar proteins in the nucleoplasm where some of them, including NCL and nucleophosmin (NPM1 or B23, which is also displaced in FANCA-deficient cells (Fig. 3B) ), participate to the DNA damage response (Kidiyoor et al., 2016; Kruhlak et al., 2007; Ma and Pederson, 2013; van Sluis and McStay, 2015; Warmerdam et al., 2016) . Overall, the above data support the hypothesis that in FANC pathway deficient cells the loss of coordination between replication and transcription (Schwab et al., 2015) , having an impact on the elimination of the R-loops and the progression of the replication forks, leads to DNA breaks, which, in turn, as reported in response to any other exogenous sources of DNA damage, are responsible for both the rDNA rearrangements and the re-localization of the nucleolar proteins outside the nucleolus. Since the absence of a functional FANC pathway directly leads to breaks into the rDNA, ATM/ATR signalling is not required to reorganize nucleolar structure and activity as instead observed when DNA damage is induced outside the rDNAs.
FANC pathway deficiency leads to p53-independent p21 stabilization.
Given above, it appears that the FANC pathway participates in the maintenance of the nucleolar homeostasis mainly by alleviating spontaneous stress resulting from replication/transcription conflicts. Thus, the question arises whether the observed nucleolar stress is simply a new feature of FA cells or if, on the contrary, it plays a role in the FA phenotype. The induction of the growth inhibitor protein p21 is one of the key events induced both in response to DNA damage downstream the ATM/ATRmediated phosphorylation of p53 than during the nucleolar stress response, mediated by both p53-dependent and -independent mechanisms. Interestingly, the aberrantly constitutive induction of the p53-p21 axis has been considered as a key pathological event in FA, mainly responsible for the HSC attrition that leads to BMF of the syndrome (Ceccaldi et al., 2012; Walter et al., 2015) . Consequently, we wondered if the loss of nucleolar homeostasis we observed in FANC-deficient cells was involved in p21 induction. Expectedly, FANCA or FANCD2 depletion increased p53 and/or P-p53 and p21 levels in HCT116-p53-proficient cells (Fig. 3A, left) .
Interestingly, in FANCA-or FANCD2-deficient cells, ATM or ATR inhibition did not have major effect on p53, even if p21 expression appeared lowered following ATM inhibition (Fig. 3A, left) . Then, we looked at p21 expression in a p53-KO genetic background. As reported (Fig. 3A) , FANCA or FANCD2 depletion was still associated to an increased level of p21 also in absence of p53, suggesting that p21 expression in FA depends on both DNA damage, which induces p21 rigorously in p53-dependent manner (Fig. 3A, right) , and nucleolar stress-dependent activities.
It has been proposed that p21 level can be stabilized in a p53-independent manner by an interaction with the nucleolar protein NMP1 (Xiao et al., 2009 ) that, as observed for NCL or FBL, is also largely translocated from the nucleolus in the nucleoplasm in FANC proteins depleted cells (Fig. 3B ). Given the previous observations, we wondered if the observed increased level of p21 was due to it interaction with NPM1. Thus, we looked at the co-localization of NPM1 and p21 in FANC pathway-depleted cells by using the proximity ligation assay (PLA). We demonstrated a strong nuclear colocalization of NPM1 and p21 in FANCA-or FANCD2-depleted cells ( Fig. 3C and D and data not shown). However, we cannot provide the formal proof that p21 stabilization relies to NPM1 interaction. Indeed, unfortunately, NPM1 depletion per se activates p53-dependent and -independent pathways leading to p21 induction/stabilization, masking its consequences when FANCA was co-depleted ( Fig. S2C) . Moreover, interfering with the interpretation of the results, co-depletion of FANCA or FANCD2 with NPM1 was found to be extremely toxic in the cells we used.
However, even if we cannot formally demonstrate that p21 stabilization in FA cells relies to its interaction with NPM1, it is clear that p21 increase in FA takes place in both a p53-and ATM/ATR-dependent manner, as a consequence of the accumulation of DNA damage, and in a p53-and ATM/ATR-independent manner, as likely consequence of the observed nucleolar stress.
FANCA deficiency is associated with reduced rDNA transcription.
To further extend our observations and shed light on the relationship between the FANC pathway ad the nucleolar homeostasis, we wanted to determine its involvement, if any, in the process of rRNAs production, one of the main nucleolar activities. Pulse-chase experiments with 32 P-orthophosphate followed by electrophoretic separation of the pre-rRNA species revealed that the 45S/47S rRNA precursors are produced at a lower rate in FANCA-deficient than in FANCA-proficient cells and that their processing, although qualitatively unaltered, is slowed down in absence of FANCA (compare 28S and 18S levels in siLacZ vs siFANCA) (Fig. 4A) .
Importantly, FANCD2 deficiency did not led to similar alterations in rDNA transcription or rRNA processing (Fig. S2D) , supporting the possibility of a different requirement for FANCA in nucleolar homeostasis.
Northern blot analysis allowed us to validate that FANCA depletion leads to increased levels of both 45S/47S and 30S rRNA precursors ( Fig. 4B and C) , supporting a delay in pre-rRNA processing, in line with our previously published observations indicating lower levels of 28S in FA cells (Zanier et al., 2004) . By FACS analysis, we quantified nascent RNA synthesis by measuring the nucleolar incorporation of the modified RNA precursor 5-ethynyl uridine (EU) (Jao and Salic, 2008) , which demonstrated that FANCA depletion resulted in a slight but consistent increase in the incorporation of EU, mainly in G1 cells ( Fig. 4D and E) . Next, by
ChIP-qPCR analysis, we observed that FANCA depletion resulted in an enrichment on the rDNA promoter region of both UBF and the H3K9me3 histone mark, which is associated with actively transcribed chromatin, whereas RNAPolI accumulated on the distal parts of the rDNA (Fig. 4F) . Thus, the ChIP-qPCR data are consistent with an enhanced rate of transcription initiation and a delay in transcription completion, respectively, reconciling the higher EU incorporation with the reduced formation of the 45S/47S rRNA precursors observed in FANCA-depleted cells. Transcription efficiency largely relies on the presence of G-quadruplexes (G4s), secondary DNA structures particularly enriched in rDNA coding sequences where their presence facilitates and optimizes RNAPolI progression (Cammas and Millevoi, 2017; Hall et al., 2017; Rhodes and Lipps, 2015; Richard and Manley, 2016; Santos-Pereira and Aguilera, 2015) . Thus, we monitored by immunofluorescence the level of G4s in the nucleoli of FANCA-and FANCD2-deficient cells and observed that FANCA deficiency was associated with lower levels of G4s than in FANC pathway-proficient cells ( Fig. 4G and F) . In contrast, FANCD2 loss resulted in an increased level of nucleolar G4s (Fig. 4F) .
It is generally assumed that transcription rate is negatively regulated by R-loops but fostered by G4 structures. Thus, in light of our data, it is tempting to speculate that in FANCD2-depleted cells the observed G4s increase compensates for R-loops increase resulting in unperturbed rDNA transcription. In contrast, FANCA depletion is associated to both R-loops increase and G4s decrease, a situation that possibly leads to the observed downregulation of the rDNA transcription. The reduced levels of nucleolar G4s in FANCA-depleted cells could be due to the more robust delocalization of NCL and NPM1, recognized as major determinants of the G4s stability inside the nucleolus (Cammas and Millevoi, 2017; Rhodes and Lipps, 2015) . Notably, only FANCA mutated lymphoblasts showed a consistent downregulation of proteins synthesis (Fig. 5B to D) , also validated in FANCA-deleted HeLa cells (Fig.   5E ). Given the previous data, we looked at the distribution of ribosomes on the mRNAs during their translation. The profiling revealed higher ratio monosomes vs polysomes in FANCA-deficient cells than in their corrected counterpart or in FANCAproficient cells ( Figure 5F and G).
The easier explanation of our observations is that, in absence of FANCA, monosomes are charged on mRNAs but they start or progress slowly, resulting in altered polysome profiles and low levels of translation, which in turn could contribute to the observed loss of nucleolar homeostasis. Several reasons could be evoked as responsible for the observed abnormalities in translation, including imbalances in ribosomal proteins, defects in pre-ribosome assembling, transport and maturation, imbalances in non-ribosomal factors involved in translational initiation, progression and termination, alterations in signalling pathways involved in translation regulation.
Further, in deep, studies are required to identify the mechanism involved in the translational imbalance associated to FANCA loss-of-function.
Conclusions
Given the observed mislocalization of nucleolar protein in FANC pathwaydeficient cells, we propose that, in line with its canonical functions in avoiding DNA breakage and DNA rearrangements, the pathway preserves the nucleolar homeostasis by allowing the faithful and optimal replication the rDNA sequences.
Since their loss-of-functions leads to accumulation of DNA breaks and rearrangements during DNA replication, the depletion of FANC proteins participate to the observed transient nucleolar proteins mislocalization in S/G2 without causing major abnormalities in rDNA transcription. Our observations also revealed that the elevated expression of p21 in FA, considered as the key pathological event leading to the BMF in patients, depends on both DNA damage and nucleolar stress, in p53-dependent and -independent manner (Fig. 5H ). In the context of the clinical phenotype of the FA syndrome, we observed that FANC pathway loss-of-function induces a redistribution of NPM1 outside the nucleolus, a known consequence associated to mutations in NPM1, which represent the most frequent mutagenic event in sporadic AML. Indeed, mutated NPM1 accumulates into the cytoplasm (Falini et al., 2005; Meani and Alcalay, 2009) , where it can be immunoprecipitated with FANCA or FANCC (Du et al., 2010) . Thus, the observed relocalization of NPM1 outside the nucleolus of FA cells could participate to the pre-leukemic status of the FA patients.
In addition, we unveiled a new, FANC pathway independent, role of FANCA demonstrating that its loss-of-function is associated to defects in rDNA transcription and mRNA translation that we failed to observe in other FANC pathway-deficient cells. These observations strengthen several previous observations demonstrating specific roles of the individual FANC proteins, and FANCA in particular, regardless of their participation to the FANC pathway (Adachi et al., 2002; Benitez et al., 2018; Nepal et al., 2018) . 
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